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UNITARY, UNIFIED MODELS FOR NN + NNn

Richard R. Silbar
Los Alamo6 National Laboratory, Los Alemos, New Mexico 87545*

ABSTRACT

First-generation unitary, unified models reproduce the new
NN + ,?JNndata reasonably well, but there are two interesting
“warts” in the comparison of theory and experiment.

INTRODUCTION

Since 1958 the ueual treatment of single-pion production In
nucleon-nucleon collislona ha8 been the ieobar model (Fig. 1). In

the past ten years there has been a concerted effort by several
groups to calculate the “blobs” for the NN + Na part of the amplit-
ude in a unitary way.

There have been several
different approaches. Solms
groups have employed a co~p;ed ‘--

5’
two-ho y channe16 method. J
Others ‘8 have eolved Faddeev- -s ‘ : ‘*

like coupled integral equa-
tions, satisfying the con- a ❑ A,N*, ,..
straints of tm- and three-body
uniraritym Ciosely related to
the latter method is the ❑ore
phenomenological a preach of

8
Fig. 1. Isobar model, NN + NM

the ArRonne group. Most, but
not all, of these groups have been interested In the react!.ons
nd + nd and NN + dn (which are not discussed in this paper) rather

than the two-to-three-body reaction NN + NM.

TOTAL INELASTIC CROSS SECTIONS

Frum the oi~Bhell NN + NN amplitude that is calculated in the
different unified modeln, one can use the optical theorem to obt~in
total cross sections. Figure 2 chows one of the fir~t attempts3 to
do thi~ for the total opin-averaged T-! inelastic (NN + NNK) croes
section. The model, having no free parameters, only takes into
account (iterated) plon exchange between the nucleons and A
re~onancem. The ~ucce~s of the comparison to data contrasts
strongly with Born approximation c.nlculatlon~ of this cross Hec-
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tion, which are off in magni-
tude and/or shape as a function
of energy. Note, by the way,
that two-p ion praiuction,
NN + NtWt, only becomes impor-
tant above 1500 MeV. fiis pro-
vides some justification for
the uae of a three-body ap-
proach to NN inelasticity in
the mediunrenergy regime.

However, ttw result shown
in Fig. 2 IS a bit fortuitous.
The difference in longitudi-
nally spin-dependent inelaetic

Tti (WV)

FIR. 2. Spin-6veraged 1=1

different from the predictions
of that model (Fig. 3). Even
the shape of the energy depend-
ence is wrong. There are sim-
ilar mi~predjctions of this
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quantity by ~~ther (m re recent 1 e
conventional models. 11 We are E

forced to conclude that ‘ T

present-day models are miaeing o A
1 1

d great deal of the triplet i

inelasticity that is actually
pxesent.

This is tl~efirst inter-
esting wart. It has recently -5LJ
been confirmed in a different I.0

‘2 the
1.5 2.0

way by extracting
separate singlet and triplet Fig. 3. 1=1 AaL ~nela~.
inela~tic croea eections.

9

rigure 4 ~hows how mlch the Kloet-Silb~r model (OPE v“er~ion) over-
pred~,ct~ tae Bi~glet and underpredicts the triplet inelaeticitieo.
In the otlle;unified models the author is aware of there is a
eimilar tendency to overem hasize the singlet contribution (domi-

!naterl by the NN(1”D2) + NA( S2) partial wave) and to undereetimote
the triplet wfives. This conclu~ion can also be drawn from some of
the NN + NNTIdat.n now to be discua~ed.
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Fig. 4. 1=1 singlet and triplet inelastic cross sections.

NN + ~X -- EXC1”ISIVE KINEMATICS

It 18 only quite recently that w have tiftnesaed an explo~ion
in our knowledge of reactions like pp + npn+, particularly with re-
spect to its rich epin dependewe, For ~omewhat peculiar technical
reasons, Dubach, Kloet, and I have

?5
en the onlj Rroup active in

producing unitary ❑odel predictions - for t.lis two-to-three-body
procesu. ThiB Is bec~uee our prmedure far solving the caupled
integral equations (Pade approxirnants) is well-suited to breakup
problems, wherean the contour r?tation method used by most other
groups solving Faddeev-like equations is b=tter 6pplied to two-to-
two reaction6i,euch as pp + dn. In the unme vein, the Helsinki
coupled-channele methnd requires a Fourier transformation to momen-
tm space to be ap
theoretical curveaviied’o breakup” ‘Or’hia reasOn’all Of thein the figure6 shown in tl:!rest of this p~per
use the model of Ref. 3.

Figure 5 mhws how this model, with pion-~fchmge forcem only,
cornparenwith come differential cross sections for completely de-
termined final state kinematic. An not unexpt?ct-edfor an i~ohar
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Fig. 5. Croan sections at 800 MeV for pp + npn+ for two
representative angle pairs, versw final proton momentum
in Ge”J/c. Data are from Ref. 14.

model calculation, the peaks representing the A resonances are
reproduced. Fbre to the point here, the unitary model does

well

reasonably well in r-producing the &gnitudes of theee cross sec-
tions. It is apparent, however, that the model predictions are
nomewhat more hotropic than the data. This flatter angular dis-
trilmtion (with respect to the proton an ler say)

f
~anbe attributed

to the excess of inelasticity in the NN( D2) + NA( S2) anlplitude,
ae discus~ed in the lagt ~ection.

0 42°) momentumThere is also an interesting bump in the (14 ,
distribution near 600 MeV/c, that ie not ~t all reproduced by ch~
model. This peak ie due to the a-wave final atate interaction oe-
tween the proton and neutron, their relative energy being nearly
zero around this proton momentum. Such an interaction la not
included in our three-body model (though we are considering adding
fiuchan effect in an approx~.mateway.) It will be interesting to
see h- this effect alters the spin-dependent observable as wll
as the croms eection.

An observable which is much more eensitive to model detai~ IB

the beam polarization asymmetry, ~0, in the retiction~p + npn .
‘Ibisis becauee such a quantity depenclaon the relative phase be-
tween a spin-flip and a non-flip amplitude. ~Figure 6 hcnw a
“typical” case, as meaaurnd by the Rice-Hou~ton group1! at 800 MeV.
For other angle pairs the aereemnt bettmen tltcpion-exchange-only
cnlculationn and data is better end worme. Note that the Boxn
approximation prediction (dnshed curve) In quite different from
that of the unitary model.

.



It is now possible to also
measure epin-opin correlations,
Ai , iOr this reaction using

~po artzed beams and polarized
targets. An extengive experi-
ment has been performed by the
BASQUE graup15 at TRIU?IFfor
fi + npm+ near 500 FleV. The
comparison with prediction for
several A

‘A
at varloue angle

pairsiiB s own in Fig. 7. The
pion-exchange model does rather
well in reproducing these data,
though the error bars on the
data points are fairly large.
Another such observable, not
shown, ASL, ie not in good
agreennt with ~ model
predlctione. Like the polari-
zatiaBt AsL is alt30Beneitive
to relative phases between am-
plitude. h “extended partial
wave analyais” of these data is
now underway, in which the
higher partial wave al~plitudes
are taken from thz pion-
exchange model, but the lower-L
partial waves (presumably not
well-calculated in this ❑odel)
are fitted. The results of
this analysis, I would imagine,
will confirm that there is too
much singlet inelasticity in
the model.

Very r~ently there have
appeared measurements of spin-
transfer (Wolfenetein) param-

~~e~s$$ ~ki;i~~et~O~{~Sh
some of t;is (preliminary) data
and its compariflonwith the
pion-exchange model. Again, It
will be interesting to see how
including NN final state inter-
~CL10116 changes the cnmpnriaon
bef.weentheory arulexperiment.
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Fig. 6.
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olarization ~.. for

PP+ nm at 800 t4eV.
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Fig..8. Spin-transfer coefficients for pp + npn+ at 800 MeV.

NN + ~~ -- INCLUSiVE KINEMATICS

From the experimental standpoint It IB quite a bit easier to
do inclusive pion production experiment, detm:ctingonly one parti-
cle in the final state. Theoretically, the integr~tion over the
pha6e apace of the unobserved final particles is 6ometius tricky
(the integrand IS rather peaked) and may wa6h out some of the in-
teresting dynamical featuree that can be seen in the exclusive
cro66 eectiona. Nonetheless, aa ~ shall 6ee, Buch experiment
often provide U6 with interesting new information (or puzziee),

forward cro66 eeetionB and beam polarizn-
ti,n ;;~~;~~p?~~~~ . px at 800 “eV. Again, one fiee6that the
data is more forward ~eaked than the prediction. Also, the unjtary
prediction of the pion-exchange model Ifiin much better agreement
with the data than ;he Nom approximation. Incidentally, the
6houlder in the crtiseaertion at p =0.600 @V/c 18, am above,

F’probnbly due to a final state inte acclon between the two nucleons.
Again, will the prediction of the aaynmt.?y in this region can be
improved by Includiw thi~ interaction in the model?



We rmw ccaneto the mecond
major wart, which 16 depicted
in Fig. 10. There ia a big
dieagreemsnt bt-en this model
ad the inclusive spin transfer

lb
~am$ ~kmea-coeff ienta $

aured in 800 vpp+nJLAfl
it turns out, there is little
d~~ference bet-en the unitary
model predictiontifor these
quantities and tk Born approx-
imation. (Our Born approxima-
tion curves here and in Fig. 9
agree very closely with those
given earlier by VerWe6t.19)

What 16 the missing piece of
physics that could explain the
discrepancy? I don’t knm.
For one thing, it is not
obvious that it has anything to
do with triplet inelasticity.

IMPROVEMENTS AND CONCLUSIONS

What are the future
improvement~ in theoretical
models of Bingle plon produc-
tion in NN collisions that can
and should be made? The first,
and moat obvious, ie that the
monopoly “enjoyed” by Dubach,
Kloet, and Silhr ❑ust be
broken. Other models must be
brought to bear on the bur-
geoning NN + NNn data base.
Without other model predic-
tions, it 16 dffficult to ae-
eese the model dependence
exhibited by the different ob-
aervablea.
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Fig. 9. ~. for pp + pX
at 800 MeV.
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Fig. 10. Spin-tranefer KLL
for pp + nX at 800 MeV.

Next, it is necessary to go beyond the (iterated) pion
exchange calculations pre~ented here. To some extent the more phe-
nomenological approach of Retz and Lee9 and the Heleinki groupl
doe~ thieB but w have a~ yet no prediction for the NN+ NNn
proceea from these modele. It iE poeeible for UB to inrlude other
forces in the driving terms of =r Inhornogeneousintegral
equatione. The most straightforward way of doing thin ie by adding
(static) heavy boson exchange grapha (P, LO, u, . ..) to our NN + NN’
and NN + NA Born terms.



From earlier work on2&itting th low-energy NN phases using
coupled two-body channels it does appear lthat p-exchang:s in the
NN + NA graph will reduce the size of the

?
phase shift (the

NN + HA + NW box diagram provides an attract ve force, particularly
in this partial wave) and Increase the amount of triplet scatter-
ing. It remairm to be seen whethe~ such an addition is enough to
fix up the discrepancy (Wart #l) with the AcrL measurement. With
reghrd to tk inclusive %~d%=vncy (Wart #2) one ●ven has saue
reason to believe (fran Ve est s Born approximation calcula-
tionslg) that p-exchange is not likely to be the missing
ingredient, but that alBo needs to be established.

To summarize my major conclusions regarding the new ❑odel cal-
culations of NN + NM observable: (1) On the whole the unified,
unitary models do fairly well in explaining the present data.
(2) There is a clear need, however, for mre triplet inelasticity
in today’s models. (3) There appearr to be a serious problem in
under~tanding the spin transfer coefficient in ~P + ‘%x.
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